Results from an airborne intercomparison of techniques to measure tropospheric levels of nitric acid are discussed. The intercomparison was part of the National Aeronautics and Space Administration's Global Tropospheric Experiment and was conducted during the summer of 1986. Instruments intercompared included a denuder tube collection system (DENUDER) with chemiluminescent detection, a nylon filter collection system (FILTER) with ion chromatography detection, and a tunable diode laser (TDLAS) multipath absorption system. Intercomparison of investigators' calibration standards were also performed as part of the test protocol. While results were somewhat "soft" and data sparse, these tests suggested that the TDLAS measurements might be high compared to the other techniques. Airborne intercomparisons were conducted predominately in the free troposphere and included encounters with marine and continental air masses. While the intercomparisons included mixing ratios to 1000 parts per trillion by volume (pptv), the majority of the results were for mixing ratios of <300 pptv. The TDLAS participated in an intercomparison of NO2 instruments (major focus) that was also conducted during the same flights. As a result the TDLAS data set is limited. Further, a significant fraction of the nitric acid measurements were below the TDLAS detection limit (75 pptv as configured for these tests). While the lack of simultaneous measurements from the three instruments limits the conclusions that can be drawn, it is clear that there can be substantial disagreement among the three techniques, even at mixing ratios above their respective detection limits. Equally clear is that at mixing ratios below 150 pptv there is very little correlation between their results. Based on these observations, an overall conclusion from the intercomparison is that none of the HNO 3 techniques can be identified to unambiguously (e.g., 20% accuracy) provide measurements of HNO3 at levels often encountered in the free troposphere (e.g., 100 pptv). However, at the more elevated levels of HNO 3 (e,g., > 150 pptv), both the FILTER and DENUDER techniques reported the same levels of nitric acid, while as suggested by the results from the standards intercomparison, the TDLAS reported higher nitric acid values than the other two techniques.
INTRODUCTION
The wet and dry deposition of nitric acid represents one of the major pathways by which odd nitrogen species are removed from the troposphere [Levy, 1972; Logan et al., 1981; Logan, 1983] . Because of the detrimental impact that acid deposition has on the natural environment the formation and removal of nitric acid (as well as sulfuric acid) has been the subject of intense studies. The measurement of nitric acid is difiScult because of its tendency to absorb on nearly all surfaces and its involvement in reversible vapor-to-solid reactions, which can result in a positive or negative contribution to its vapor phase concentration [Spicer et al., 1982; Anlauf et al., 1985 Anlauf et al., , 1986 Mulawa and Cadle, 1985] . To date, the use of nylon filters for collection of nitric acid vapor has provided the bulk of the tropospheric measurements [e.g.,ments [Hoell et al., 1987] . Results from CITE 2 evaluate the current capability for airborne measurements of the remaining nitrogen species postulated to have a major role in tropospheric chemistry. The overall objectives of CITE 2 were (1) to evaluate instrumentation for measuring nitrogen dioxide (NO2), HNO3, and PAN and (2) to determine for various tropospheric environments the relative abundances and partition among the major nitrogen species. This paper reports on the intercomparison results for HNO3. The results for the NO2 and PAN intercomparisons and the relative abundance, partition, and other issues related to the chemistry of tropospheric odd nitrogen are addressed in companion papers.
EXPERIMENTAL DESCRIPTION HNO• Instrumentation
CITE 2 instrumentation for the nitric acid intercompadsons included a denuder tube collection system with chemiluminescent detection, a nylon filter collection system with ion chromatography detection, and a tunable diode laser multipath absorption system. Each instrument as applied during CITE 2 is briefly discussed below.
The denuder system (DENUDER) utilized a denuder tube, fabricated from a 35-cm length of 6-mm (OD) quartz tube, vacuum deposited with an interior coating of tungsten oxide (WO3) [Braman et al., 1982 [Braman et al., , 1986 LeBel et al., 1985] . Nitric acid and ammonia (NH3) in an air sample drawn through the denuder tube are chemisorbed on the WO3 surface. After a sample has been collected, heat is applied to the denuder tube with a carrier gas (ultrazero grade air) flowing. Collected HNO3 and NH3 are thermally desorbed; NH 3 is desorbed as NH3 and is recollected on an in-line WO3 denuder tube, which serves to separate NH3 from HNO 3. Nitric acid is desorbed as NO and is detected by chemiluminescent reaction of NO with ozone. The net integrated desorption curve is related to the HNO3 concentration by calibration with a HNO 3 permeation tube/dilution system. During CITE 2 the DENUDER system was calibrated before each flight. The inlet system consisted of a forward-facing Teflon-lined probe mounted external (free stream) to the Electra aircraft. Air samples flowing through this Teflon-lined manifold were sampled approximately 1 m from the inlet entrance using a 6-cm length of Teflon tube attached to the denuder tube. Sample collection time was approximately 10 min followed by a 10-min analysis period.
(At the higher nitric acid mixing ratios a few samples of 5-min duration were reported.) The DENUDER system was configured such that collection by a second denuder tube was initiated during the analysis phase of the first tube with the intent of providing nearly contiguous 10-min samples; however, data from only one tube were reported. The unreported measurements were stated to have a large artifact which could not be resolved during the mission and which was apparently caused by a leak in the inlet manifold of one of the samplers. The denuder tube system was stated to have a detection limit of about 20 pptv for a 10-min sample with an accuracy of 15-20% and precision of about 8%. The nylon filter system (FILTER) [Goldan et al., 1983 ] consisted of a serial pair of 90-mm-diameter filters. The first filter, a Teflon prefilter (Gelman Zeflour), retained aerosols while passing HNO 3 vapor; HNO3 vapor was adsorbed on the second, nylon filter (Gelman Nylasorb). Typical collection times were of the order of 30 min to 2 hours, during which 5-20 kg of air were filtered. A carbon-vane pump was used for ground-based tests; a venturi pump attached to one of the aircraft engines was used for flight operations. The mass flow of the air sample was continuously monitored using a mass flowmeter. Analysis of each filter was generally performed within 48 hours of collection. Analyses included washing the nylon filter with a carbonate/bicarbonate buffer followed by nitrate analyses of the resulting solutions by ion chromatography. During CITE 2, calibration was based upon injection of known concentrations of nitrate in solution into the ion chromatograph. The ambient air concentration of HNO 3 was calculated from the ratio of nitrate (on the nylon filter) to the sampled air mass. The detection limit was stated to be about 8 pptv for a 15-kg sample of air (90-min sample). For most remote tropospheric sampling conditions, accuracy and precision are estimated at about 20% and 10%, respectively. However, as noted by the principal investigator, accuracy and precision are somewhat dependent upon the effects of artifacts (e.g., NO 2, ammonium nitrate aerosols, and sulfuric acid aerosols). The degree to which these artifacts affect the accuracy and precision of the technique is dependent on the composition of the air being sampled and to some extent the amount of nitric acid collected. During CITE 2, measurements were made to verify the precision of the FILTER technique. Nine sets of duplicate FILTER samples were reported, with seven at mixing ratios below 150 pptv. These seven duplicates exhibited an averaged variability of <10 pptv (or 17%). The ltr variability in the two sets above 150 pptv was also <10 pptv (or 4%).
The tunable diode laser system (TDLAS) utilized infrared absorption in a multipass absorption cell (1.5-m length, 100 passes) through which the air sample was drawn [ Laboratory studies with this system indicated a minimum detection limit of about 75 pptv for a 3-min sampling time. However, no laboratory tests were performed on the sampling integrity of the system or the time required to reach steady state at concentrations in the 100-pptv range. With this "caveat" the accuracy and precision of the technique were estimated to be 15% and 10%, respectively, for mixing ratios greater than 300 pptv. At lower mixing ratios the precision degrades with decreasing mixing ratio, approaching 100% at the detection limit of 75 pptv. During flight, changes in the instrument calibration were typically monitored by passing an air mixture containing approximately 1 part per million by volume (ppmv) of HNO3 in nitrogen through a 10-cm cell placed in the optical path while ambient air scrubbed of HNO3 by a nylon filter was passed through the White cell. The ratio of the length of the short cell to that of the multipath length in the White cell, multiplied by the mixing ratio in the short cell, served as a secondary calibration mixing ratio. Because of the time required for the TDLAS system to reach steady state, calibration by standard addition was performed only once per flight by adding known concentrations of HNO 3 to the ambient air in the White cell. For either calibration method a permeation system was used to provide the HNO 3 . The flight data were reported as 2-to 3-min averages referenced to the standard addition calibration performed once per flight.
The experimental layout of the three HNO3 instruments, as well as other supporting instrumentation aboard the NASA aircraft, is discussed in the overview paper [ Detailed results of the HNO3 intercomparisons (first release of the flight results) were discussed during a data workshop convened approximately 6 months after the field mission. It is noted here that after the workshop, the DENUDER team reported that postmission analysis had indicated a nonlinearity in extrapolation of calibrations performed at low HNO 3 mixing ratios to the higher mixing ratios that were encountered during one flight. Subsequent correction of this nonlinearity resulted in a change of two mixing ratio values for this flight. The corrected mixing ratios increased by 15-20% (e.g., 570 pptv to 670 pptv and 730 pptv to 910 pptv) and are used in these analyses.
RESULTS FROM INTERCOMPARISON OF STANDARDS
The standards intercomparison was performed by having each instrument sample from the output of a portable HNO3 reference source provided by the GTE project office. The methodology of the tests was based upon providing each instrument a constant mixing ratio of HNO3 from a reference source with an independent assessment of the HNO3 output from the source. This methodology inherently couples any uncertainties associated with the measurement technique and those associated with the respective calibration procedures. When differences occur, it is not possible to partition them between instrument or calibration source. However, in the absence of differences the methodology provides a strong indication of agreement between the calibration sources used by the respective instruments.
The GTE reference source utilized a HNO3 permeation device housed in a temperature-controlled oven with a carrier gas continuously flowing through the oven followed by two stages of dilution. The carrier and dilution flow was zero air filtered through charcoal and drying filters. The output from the final dilution stage was directed into a 2.5-cm (ID) by 30-cm pyrex manifold having four 0.6-cm (ID) sampling ports along its length. Each instrument sampled from the pyrex manifold, using a Teflon tube attached to one of the ports. In each case the Teflon sample line was provided by the respective investigator. For the DENUDER and TDLAS systems this tube was that normally used between the aircraft inlet and the instrument.
At the outset of CITE 2 it was determined that it would be impractical to design a reference system to accommodate the range of sample flow rates used by the three instruments during flight. These flow rates ranged from 1 liter per minute (L/min) to more than 250 L/min. As a compromise the system was designed to deliver a maximum flow rate of 10 L/min with HNO 3 mixing ratios that could be varied from about 200 pptv to 1000 pptv. With this flow rate range the DENUDER system could sample from the reference system at the flow rate normally used to acquire a sample in-flight (1 L/min) with sufficient flow remaining to allow an independent measurement of the HNO 3 (discussed below) to be made at the same time. In order to also obtain a similar independent sample the TDLAS was required to sample at 5 L/min, half the sample flow rate normally used. The more significant deviation between flight sample flow rate and the flow rate used during the standards tests occurred for the FILTER system. Recall that the FILTER system normally operates with a sampling flow rate up to 250 L/min for 30 min to 2 hours. During the standards tests the FILTER system sampled at 5 L/min for approximately 30 hours of continuous sampling to accumulate the desired amount of HNO3. Independent samples were also acquired during the FILTER test.
A sampling method (OSHA Test Method ID-165SG) employing silica gel collection followed by ion chromatography analysis was selected as the technique to provide the independent measurements of the HNO3 mixing ratio from the reference source. Premission testing of the reference system was performed to characterize the output of the reference system and to define a set of operational procedures (reference system and silica gel collection) that could be used in the field. The tests included studies to define (1) the passivation time required to stabilize the system output, (2) key operational parameters controlling the stability and absolute concentration of the output, and (3) the composition of the perm tube emissions (e.g., HNO3, H2SO4, and H20). Tests also included various matrix studies to define precision and accuracy of the permeation system/silica gel system. Results from these tests indicated that the HNO3 reference system, properly set up and passivated, could provide HNO3/air mixtures in the 200-to 1000-pptv range with an accuracy of 20% and a precision (stability over several hours) of better than 10%.
The standards tests were conducted in the field after Intercomparison Data Sets Table 3 summarizes the intercomparison data bases that were constructed from the measurements reported. Data base 1 contains measurements reported by all three instruments; data base 2, measurements from DENUDER and FILTER; data base 3, from DENUDER and TDLAS; and data base 4, from FILTER and TDLAS. In each case the intercomparison data used in the analyses were obtained by defining a "simultaneous" measurement as one having an overlap between any two portions of the sample period reported by the investigators. For each data base the instrument with the longest integration time was used to initiate the overlapping data period, and as such only a single measurement from that instrument is used for the overlap period. Where more than one value of nitric acid was reported by any one of the remaining instruments during the overlap, the arithmetic average of those measurements was used as the intercomparison value. In a few cases, duplicate samples were provided from the FILTER instrument, and A disadvantage is its sensitivity to a few data points at the higher mixing ratios. As such, one must ensure that the regression analyses are not biased by a few high-value data points which do not reflect the majority of the data. Using the procedures just described, data bases 2 and 3 were initially examined for the presence of measurements that might tend to bias the overall results, to identify data categories (i.e., subsets) under which intercomparison resuits should be stated independently, and to identify outlying events for which results are not representative of the base data. In particular, each data set was examined to evaluate the influence of (1) the degree of temporal overlap (i.e., the ratio of common sample time of any one instrument measurement to the total overlap period), (2) systematic dayto-day variability, and (3) the distribution of HNO3 mixing ratios. arriving at an averaged DENUDER value for each overlap period would suggest that ambient variability is probably not a major factor. Note also that during the early flights (i.e., 4-8) there is a tendency for the FILTER technique to be low compared to the DENUDER with the reverse tendency for flights 9-16. Here again, this trend does not appear to be correlated with any ambient specie or test condition. In summary, there is no clear evidence to suggest a cause for any flight-to-flight bias. When & (based upon measurements) is >E, then the difference between the two measurements is greater than expected. The shaded portion of the histogram given in Figure  3a illustrates the number of overlapping measurements having & greater than E. The shaded area represents approximately 70% of the data set. It is recognized that equation (2) does not represent a rigorous statistical formulation for the expected error in the difference between these measurements. Nevertheless, it is felt that this formulation does provide a reasonable estimate and serves to illustrate that a large percentage of observations included & values much larger than expected. The final observations relative to data base 2 concern the relative agreement associated with the seven less-than values reported by DENUDER. For three of these the FILTER values were lower than the DENUDER less-than values and therefore can be considered to be consistent with the DE-NUDER values. For the other four, all at mixing ratios of <100 pptv and all for which DENUDER reported the mixing ratio to be <20 or 25 pptv, the FILTER mixing ratios were significantly higher (e.g., typically >70 pptv). instruments reported measurements. The overlapping measurements for the two periods are given in Table 4 . The uncertainty for the DENUDER and TDLAS is the larger of (1) The DENUDER/FILTER measurements presented a consistent view of the relative agreement between these two techniques. In general, the FILTER measurements were high relative to those reported by the DENUDER, although some tendency for DENUDER to be high was noted during the first few flights. At mixing ratios greater than 300 pptv the agreement was well within the accuracy and precision (e.g., 20 pptv) but also occurs at mixing ratios of 100 pptv. Below 300 pptv the difference between simultaneous measurements was found to be greater than expected (based upon the accuracy/precision stated for each instrument) for more than 75% of the measurements.
Typical Flight

DENUDER/TDLAS Intercomparison Data
The results from the DENUDER/TDLAS data set also exhibited a consistent view of the agreement between these two instruments. The six measurements included mixing ratios ranging from below 100 pptv to about 1280 pptv. Throughout this range the TDLAS measurements were consistently higher than those reported by the DENUDER. For average mixing ratios greater than about 300 pptv (three samples) the TDLAS results were systematically about a factor of 2 higher than the DENUDER measurements. At mixing ratios below about 100 pptv the TDLAS continued to be high relative to DENUDER but with more scatter associated with the difference. These measurements were at or very near the stated detection limits of the instruments of 20 pptv (DENuDER) and 75 pptv (TDLAS).
The DENUDER/FILTER/TDLAS data set consisted of only two simultaneous measurements. During one overlap the reported HNO 3 mixing ratios ranged from about 533 pptv to 1370 pptv. The measurements from TDLAS and FILTER were in agreement, while the DENUDER measurements were approximately a factor of 2 lower. During this period there was evidence that ambient variability could have been an influencing factor on any stated level of agreement among the instruments. The DENUDER system had only a 35% overlap (three samples) of the approximate 45-min FILTER sample. The TDLAS had substantially more measurements during this period (21 samples, 50% overlap), and accordingly, the average mixing ratio might be expected to approximate more closely the value from the FILTER technique. The mixing ratios reported for the second overlapping period in this data base ranged from about 27 pptv to 153 pptv with the FILTER measurements about a factor of 2.5 higher than TDLAS and TDLAS about a factor of 2 higher than DE-NUDER. We note, however, that for this last period the measurements from both the DENUDER and TDLAS were at or below their stated detection limits. CITE 2 can be identified to unambiguously provide measurements of HNO 3 at levels often encountered in the free troposphere (e.g., 100 pptv). However, at the more elevated levels of HNO3 (e.g., > 150 pptv), both the FILTER and DENUDER techniques report the same levels of nitric acid.
